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,QWURGXFWLRQ
,Q WKH UHFHQW \HDUV WKH HFRQRPLF DQG SROLWLFDO
SUHVVXUH RQ WKH DXWRPRWLYH LQGXVWU\ WR UHGXFH WKH IXHO
FRQVXPSWLRQDQGWKH&2HPLVVLRQVLQFUHDVHGPRUHDQG
PRUH +HQFH WKH HIIRUWV IRU D OLJKWZHLJKW DXWRPRWLYH
GHVLJQEHFRPHPRUHLPSRUWDQW>@
2QHSRVVLELOLW\IRUUHGXFLQJZHLJKWLVWKHVXEVWLWXWLRQ
RI VWHHO E\ DOXPLQLXP DOOR\V LQ DXWRPRWLYH VKHHW
DSSOLFDWLRQV ,Q WKLV UHJDUGPHGLXPVWUHQJWK[[[ $O
0J DQG [[[ $O0J6L VHULHV DOOR\V DUH DOUHDG\
ZLGHO\XVHG7KLVLVPDLQO\GXHWRWKHLUKLJKVWUHQJWKWR
GHQVLW\ UDWLR JRRG IRUPDELOLW\ ZHOGDELOLW\ DQG
FRUURVLRQUHVLVWDQFH>@$OWKRXJK[[[$O=QVHULHV
DOOR\V H[KLELW DQ HYHQ KLJKHU VSHFLILF VWUHQJWK WKHUH LV
QRZLGHVSUHDGXVHRIWKHVHDOOR\V7KHNH\REVWDFOHVIRU
WKLVGLVUHJDUGDUHZHOGDELOLW\SUREOHPVOLNHKRWFUDFNLQJ
DQG SRURVLW\ LQ WKHZHOG EXW DOVR WKH VRIWHQLQJ RI WKH
IXVLRQ]RQH)=DQGWKHKHDWDIIHFWHG]RQH+$=>@
<HW DQRWKHU SRVVLELOLW\ IRU UHGXFLQJ ZHLJKW RI
DXWRPRWLYHVWUXFWXUHV LV WKHXVHRI WDLORUZHOGHGEODQNV
7:%ZKLFK DOVR DOORZDQ LPSURYHPHQWRI VWUXFWXUDO
LQWHJULW\ RI WKH MRLQHG DQG IRUPHG VKHHW FRPSRQHQW
/DVHU EHDPZHOGLQJ /%: LV DQ HIILFLHQW PHWKRG IRU
SURGXFLQJMRLQWVZLWKKLJKZHOGTXDOLW\DVDSUHUHTXLVLWH
IRU D VXFFHVVIXO VKHHW PHWDO IRUPLQJ SURFHVV RI WKH
WDLORUHGEODQNV
$OXPLQLXP WDLORU ZHOGHG EODQNV ZLWK KLJK VSHFLILF
VWUHQJWK LQ FRQMXQFWLRQ ZLWK D JRRG IRUPDELOLW\ PLJKW
IXOILO WKH GHPDQGV RI WKH DXWRPRWLYH LQGXVWU\ RQFH WKH
ZHOGDELOLW\SUREOHPVZHUHRYHUFRPH
0DWHULDOVDQGH[SHULPHQWDOSURFHGXUHV
2.1. Base and filler materials 
7ZRGLIIHUHQWFRPELQDWLRQVRIDOXPLQLXPDOOR\VZHUH
MRLQHGE\ODVHUEHDPZHOGLQJ
x WKHVLPLODUMRLQWPDGHRIDQG
x WKHGLVVLPLODUMRLQWPDGHRIDQG
7KH FKHPLFDO FRPSRVLWLRQ RI WKH ERWK DOXPLQLXP
DOOR\V XVHG LQ WKLV VWXG\ LV JLYHQ LQ 7DEOH  7KH KHDW
WUHDWDEOH DOXPLQLXP DOOR\  ZDV XVHG LQ WKH SHDN
DJHG7WHPSHUFRQGLWLRQZKHUHDVWKHQRQKHDWWUHDWDEOH
DOXPLQLXP DOOR\  ZDV XVHG LQ WKH DQQHDOHG 2
WHPSHU FRQGLWLRQ 7KH VKHHW WKLFNQHVV RI WKH ERWK
DOXPLQLXPDOOR\VZDVPP%HIRUHZHOGLQJWKHR[LGH
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OD\HU RQ WKH VKHHW VXUIDFHZDV UHPRYHG E\PHFKDQLFDO
JULQGLQJ DQG WKH UHVXOWLQJ VXUIDFH ZDV GHJUHDVHG ZLWK
DOFRKRO LQRUGHU WRDYRLGK\GURJHQ LQGXFHGSRURVLW\ LQ
WKHZHOG
7KH QHZ DSSURDFK IRU VROYLQJ WKH SUREOHPV RI
ZHOGDELOLW\DQGVRIWHQLQJRIWKH$O=QDOOR\VUHIHUULQJ
WR D UHFHQWO\ JUDQWHG SDWHQW RI WKH +HOPKROW]=HQWUXP
*HHVWKDFKW  LQFOXGHV WKH XVH RI YDQDGLXP LQ
FRPELQDWLRQZLWKDFRQYHQWLRQDOILOOHUZLUH>@)RUWKLV
SXUSRVHDSXUHYDQDGLXPIRLOZLWKDWKLFNQHVVRI
ȝPZDVXVHG%HFDXVHWKHJHQHUDOUHFRPPHQGDWLRQRI
[[[ VHULHV DOOR\V DV ILOOHU PDWHULDO IRU ZHOGLQJ [[[
VHULHV DOOR\V D  ILOOHU ZLUH ZLWK D GLDPHWHU RI
PPZDV XVHG IRU ODVHU EHDPZHOGLQJ RI WKH MRLQWV
7KHFKHPLFDO FRPSRVLWLRQRI WKHDOXPLQLXPDOOR\XVHG
DVILOOHUPDWHULDOLVDOVRJLYHQLQ7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQZWRIWKHXVHGDOXPLQLXPDOOR\V
$OOR\ 6L )H &X 0Q 0J &U =Q 7L $O
         %DO
         %DO
         %DO
2.2. Laser beam welding 
7KH ODVHU EHDP ZHOGLQJ RI WKH EXWW MRLQWV RI ERWK
DOOR\ FRPELQDWLRQV ZDV SHUIRUPHG XVLQJ D[LDO &1&
PDFKLQLQJ FHQWUH ZKLFK LV FRQQHFWHG WR D N:
1G<$*ODVHU7KHXVHGZHOGLQJFRQILJXUDWLRQLVVKRZQ
LQ)LJ)RUUHWDLQLQJWKHSRVLWLRQRIERWKVKHHWVGXULQJ
ZHOGLQJDYDFXXPFODPSLQJGHYLFHZDVXVHG$QGIRUDQ
DFFXUDWHSRVLWLRQLQJRIWKHYDQDGLXPIRLODIRLOVWULSZDV
ODVHUWDFNZHOGHGRQWKHIDFHMRLQLQJ]RQHRIRQHRIWKH
VKHHWV7KH ILOOHUZLUHZDVVXSSOLHGE\DGUDJJLQJZLUH
IHHG$UJRQZDVXVHGDVVKLHOGLQJJDVLQRUGHUWRSURWHFW
WKHPROWHQZHOGPHWDODJDLQVWR[LGDWLRQ,WZDVSURYLGHG
RQWRSDQGERWWRPVLGHRIWKHZHOG


)LJ/DVHUEHDPZHOGLQJFRQILJXUDWLRQ
7KH ODVHU EHDPZHOGLQJ SURFHVVZDV ILUVW RSWLPLVHG
ZLWKUHVSHFWWRWKHVXEVHTXHQWSURSHUWLHVRIWKHMRLQWOLNH
IRUH[DPSOHWKHZHOGVHDPDSSHDUDQFHDQGWKHSRURVLW\
RI WKH ZHOG 7KHUHIRUH WKH IROORZLQJ ZHOGLQJ
SDUDPHWHUVZHUHYDULHG
x WKHODVHUSRZHU
x WKHZHOGLQJVSHHG
x WKHIHHGUDWHRIWKHILOOHUZLUHDQG
x WKHIRFDOSRVLWLRQ
7KH SURSHUWLHV RI WKH ODVHU ZHOGHG EODQNV ZHUH
LQLWLDOO\ HYDOXDWHG E\ SUHFHGLQJ LQVSHFWLRQV DQG WKH
RSWLPL]HG ZHOGLQJ SDUDPHWHUV ZKLFK UHVXOWHG IURP WKH
SDUDPHWHUYDULDWLRQDUHJLYHQLQ7DEOH
7DEOH2SWLPL]HGSURFHVVSDUDPHWHUVIRUODVHUEHDPZHOGLQJ
3DUDPHWHU 8QLW 9DOXH
/DVHUSRZHU N: 
:HOGLQJVSHHG PPPLQ 
)LOOHUZLUH  
)HHGUDWHRIILOOHUZLUH PPPLQ 
6KLHOGLQJJDV  $UJRQ
)ORZUDWHRIVKLHOGLQJJDV OPLQ 
)RFDOSRVLWLRQ PP VSHFLPHQVXUIDFH
2.3. Preceding inspections 
7KHSUHFHGLQJ LQVSHFWLRQV DOORZHG D TXLFN DQG HDV\
GHWHUPLQDWLRQ RI WKH MRLQW SURSHUWLHV DQG VHUYHG DV DQ
LQLWLDOHYDOXDWLRQRIWKHMRLQWTXDOLW\
9LVXDO LQVSHFWLRQ ZDV XVHG WR GHWHUPLQH WKH RXWHU
DSSHDUDQFH RI WKH ZHOG VHDP +HUHE\ ZHOG
LPSHUIHFWLRQV OLNH LQFRPSOHWHO\ ILOOHG JURRYHV VXUIDFH
FUDFNV XQGHUFXWWLQJ DQG H[FHVVLYH SHQHWUDWLRQ FDQ EH
GHWHFWHG
,Q FRQWUDVW WR WKDW ;UD\ LQVSHFWLRQ ZDV XVHG WR
GHWHUPLQHLQQHULPSHUIHFWLRQVOLNHSRURVLW\DQGZLWKWKLV
SURFHGXUH WKH DPRXQW WKH GLVWULEXWLRQ DORQJ WKH ZHOG
DQGWKHVL]HRIWKHSRUHVFDQEHGHWHUPLQHG
2.4. Determination of microstructural properties 
7KHPLFURVWUXFWXUDOSURSHUWLHVRIODVHUZHOGHGEODQNV
ZHUH LQYHVWLJDWHG E\ RSWLFDO PLFURVFRS\ 7KHUHIRUH
H[WUDFWHG PLFURVHFWLRQV RI WKH ZHOG ZHUH HWFKHG ZLWK
.UROO¶VUHDJHQW
,Q DGGLWLRQ VHOHFWHGZHOGVZHUH LQYHVWLJDWHG E\ WKH
XVHRIVFDQQLQJHOHFWURQPLFURVFRS\6(0RQSROLVKHG
PLFURVHFWLRQV 7KH ORFDO FKHPLFDO FRPSRVLWLRQ ZDV
GHWHUPLQHG E\ HQHUJ\ GLVSHUVLYH;UD\ ('; DQDO\VLV
DWWKHVDPHWLPH
2.5. Determination of mechanical properties and 
formability 
7KH ORFDO PHFKDQLFDO SURSHUWLHV RI ODVHU ZHOGHG
EODQNV ZHUH GHWHUPLQHG E\ WKH XVH RI 9LFNHUV PLFUR
KDUGQHVV WHVWLQJ +9 7KHUHIRUH VHYHUDO KDUGQHVV
LQGHQWDWLRQVZHUHPDGH DW DOO LPSRUWDQW UHJLRQV RI WKH
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ZHOGOLNHIRUH[DPSOHIXVLRQ]RQHKHDWDIIHFWHG]RQH
DQGEDVHPDWHULDO%0
7R DVVHVV WKH IRUPDELOLW\ RI WKH ZHOGV DQG EDVH
PDWHULDOVOLPLWGRPHKHLJKW/'+WHVWVZHUHSHUIRUPHG
XVLQJ D PP GLDPHWHU KHPLVSKHULFDO SXQFK RQ D
FRPSXWHU FRQWUROOHG VHUYRK\GUDXOLFSUHVV 7KHSXQFK
ORZHU GLH DQG XSSHU GLH RI WKH /'+ WRRO FDQ EH
WHPSHUHG E\ KHDWLQJ FDUWULGJHV )LJ  7KH IRUPLQJ
H[SHULPHQWV SUHVHQWHG LQ WKLV SDSHU ZHUH SHUIRUPHG DW
URRPWHPSHUDWXUH57DQGDW&6TXDUHVSHFLPHQV
RI PP [ PP LQ VL]H ZHUH FXW IURP WKH ODVHU
ZHOGHG EODQNV DQG WKH EDVH PDWHULDOV 7RPHDVXUH WKH
VWUDLQ GXULQJ GHIRUPDWLRQ WKH RSWLFDOPHDVXULQJ V\VWHP
$5$0,6ZDVFRPELQHGZLWKWKHVHUYRK\GUDXOLFSUHVV
7KHUHIRUH D VWRFKDVWLF SDWWHUQ ZDV DSSOLHG RQ WKH
VDPSOHV WR EH PHDVXUHG 7KH FRPSOHWH GHIRUPDWLRQ
EHKDYLRXURI WKHVSHFLPHQVZDVFDSWXUHGDQGHYDOXDWHG
GXULQJ WKH GHIRUPDWLRQ SURFHVV  XS WR WKH PRPHQW RI
EUHDNLQJE\UHFRUGLQJDQGHYDOXDWLQJQXPHURXVVWHUHR
LPDJHSDLUV7KHODVHUZHOGHGEODQNVZHUHSODFHGRQWKH
ORZHUGLHVXFKWKDWWKHZHOGOLQHZDVDWWKHPLGGOHRIWKH
GLH RSHQLQJ $OO EODQNV ZHUH FODPSHG GXULQJ WKH WHVWV
ZLWK D FODPSLQJ IRUFH RI N1 LQ RUGHU WR HQVXUH QR
GUDZLQIURPWKHIODQJH


)LJ6HUYRK\GUDXOLFSUHVVZLWKRSWLFDOPHDVXULQJV\VWHPRQWRSDQG
KHDWDEOH/'+WRRO
7KHH[SHULPHQWVZHUHFRQGXFWHGDWDSXQFKVSHHGRI
PPPLQ7KHWHVWVZHUHVWRSSHGZKHQDGURSRI
RI WKH PD[LPXP IRUFH ZDV UHDFKHG 7KH ORDG
GLVSODFHPHQW GDWD ZHUH UHFRUGHG GXULQJ DOO RI WKH
VWUHWFKIRUPLQJ H[SHULPHQWV $OO WKH /'+ WHVWV ZHUH
FRQGXFWHG E\ SODFLQJ D KHDW UHVLVW 7HIORQ IRLO EHWZHHQ
SXQFKDQGEODQN
5HVXOWVDQGGLVFXVVLRQ
3.1. Weld seam appearance and porosity 
7KH ILQGLQJV RI WKH YLVXDO LQVSHFWLRQ RI WKH ODVHU
ZHOGHG EODQNV VKRZHG WKDW ZHOG VHDPV VROHO\ ZHOGHG
ZLWKWKHFRQYHQWLRQDOILOOHUZLUHH[KLELWHGDVHYHUH
H[FHVVRISHQHWUDWLRQZKLFKUHVXOWHGLQDQLUUHJXODUZHOG
VXUIDFH )LJ D ,W ZDV QRW SRVVLEOH WR UHPRYH WKHVH
NLQG RI ZHOG LPSHUIHFWLRQV MXVW E\ YDULDWLRQ RI WKH
ZHOGLQJ SDUDPHWHUV +RZHYHU E\ WKH XVH RI YDQDGLXP
IRLODVDGGLWLRQDOILOOHUPDWHULDOWKLVH[FHVVRISHQHWUDWLRQ
ZDV FRQVLGHUDEOH UHGXFHG DQG E\ WKLV PHDQV WKH ZHOG
VHDP VXUIDFH EHFDPH VPRRWKHU )LJ E )XUWKHUPRUH
WKH H[SXOVLRQ RI OLTXLG PHWDO VSDWWHU ZDV UHGXFHG
+RZHYHUWKHXVHRIYDQDGLXPIRLODVVROHILOOHUPDWHULDO
RIWHQDOVRUHVXOWHGLQDVOLJKWXQGHUFXWWLQJDQGDKLJKKRW
FUDFNLQJVXVFHSWLELOLW\


D E
)LJ3KRWRJUDSKVRI URRWVLGHRIDVLPLODU MRLQW ODVHUZHOGHG
D RQO\ ZLWK ILOOHU ZLUH  DQG E ZLWK YDQDGLXP IRLO LQ
FRPELQDWLRQZLWKILOOHUZLUH
7KH ILQGLQJV RI WKH ;UD\ LQVSHFWLRQ RI WKH ODVHU
ZHOGHG MRLQWV VKRZHG DV ZHOO WKH LPSURYHPHQW RI WKH
ZHOG SURSHUWLHV GXH WR WKH XVH RI YDQDGLXP IRLO DV
DGGLWLRQDOILOOHUPDWHULDO7KH;UD\ILOPVRIZHOGVHDPV
VROHO\ZHOGHGZLWK WKH FRQYHQWLRQDO ILOOHUZLUH VKRZHG
ZHOG SRURVLW\ DQG DQ LQKRPRJHQHRXV GLVWULEXWLRQ RI
ZHOGPHWDO)LJD,QFRQWUDVW WKH;UD\ILOPVRIWKH
ZHOG VHDPV ZHOGHG ZLWK YDQDGLXP IRLO VKRZHG D
FRQVLGHUDEOH UHGXFHG SRURVLW\ LQ PDWWHUV RI VL]H DQG
DPRXQWRISRUHV%HVLGHVWKHZHOGVHDPVEHFDPHPRUH
KRPRJHQHRXV DQG WKHLU GHQVLW\ ZDV VOLJKWO\ VKLIWHG WR
KLJKHUYDOXHGXHWRWKHKLJKHUGHQVLW\RIYDQDGLXP)LJ
E7KH UHGXFWLRQRISRURVLW\ZDVPDLQO\ DFKLHYHGE\
WKHXVHRIYDQDGLXPIRLOLQVWHDGRIWKHYDULDWLRQRIZHOG
SDUDPHWHUV


D   E
)LJ5HVXOWVRI;UD\LQVSHFWLRQRIDVLPLODUMRLQWODVHUZHOGHG
D RQO\ ZLWK ILOOHU ZLUH  DQG E ZLWK YDQDGLXP IRLO LQ
FRPELQDWLRQZLWKILOOHUZLUH
206   J. Enz et al. /  Procedia CIRP  18 ( 2014 )  203 – 208 

3.2. Microstructural properties of the welds 
7KH PLFURJUDSKV RI WKH VLPLODU DQG GLVVLPLODU ODVHU
ZHOGHG MRLQWV DUH VKRZQ LQ )LJ  7KH EULJKWHU
DSSHDUDQFHRI WKHDOXPLQLXPDOOR\ LQFRPSDULVRQ
WR WKH  DOXPLQLXP DOOR\ FDQ EH H[SODLQHG E\ D
GLIIHUHQWHWFKLQJEHKDYLRXUIRU.UROO¶VUHDJHQW
%RWK MRLQWV  ZHOGHG ZLWK YDQDGLXP IRLO DQG 
ZLUH DV ILOOHUPDWHULDOV  H[KLELWHG DZHOG VHDPZLWK D
VLJQLILFDQWO\UHGXFHGSRURVLW\DQGZLWKRXWKRWFUDFNLQJ
$QG LQ DGGLWLRQ WKH H[FHVV RI SHQHWUDWLRQ ZDV
FRPSOHWHO\ HOLPLQDWHG 7KH ORVV RI PDWHULDO GXULQJ
ZHOGLQJ GXH WR VSDWWHU ZDV DOVR FRPSHQVDWHG E\ WKH
VXSSOLHGILOOHUPDWHULDO


D   E
)LJ  0LFURJUDSKV RI D WKH VLPLODU  MRLQW DQG E WKH
GLVVLPLODUMRLQW
$OWKRXJK WKH XVHG YDQDGLXP IRLO ZDV FRPSOHWHO\
PROWHQGXULQJODVHUZHOGLQJRIWKHMRLQWVWKHUHZHUHVWLOO
ODUJH9ULFKSDUWLFOHVREVHUYHG )LJ7KHVHSDUWLFOHV
KDG D GLPHQVLRQ RI XS WR ȝP [ ȝP ,W ZDV
LPSRVVLEOH WR DYRLG WKH IRUPDWLRQ RI 9ULFK SDUWLFOHV
RQO\ E\ WKH YDULDWLRQ RI WKH ODVHU ZHOGLQJ SDUDPHWHUV
7KH(';DQDO\VLVVKRZHGWKDWWKHVHSDUWLFOHVFRQWDLQHG
DSSUR[ ZW YDQDGLXP DQG ZW DOXPLQLXP
ZKHUHDVWKHVXUURXQGLQJJUDLQVFRQWDLQHGRQO\ZW
YDQDGLXP'XHWRWKHVHGLIIHULQJFKHPLFDOFRPSRVLWLRQV
DQG WKH UHVXOWLQJ ORFDO PHFKDQLFDO SURSHUWLHV WKHVH
SDUWLFOHVDUHVXSSRVHGWRDFWDVDPHWDOOXUJLFQRWFK


)LJ6(0PLFURJUDSKRID9ULFKSDUWLFOHLQWKHZHOGVHDP
7KH ZHOG VHDPZDV FKDUDFWHUL]HG E\ D ILQHJUDLQHG
PLFURVWUXFWXUH 7KH JUDLQV LQ WKH ZHOG VHDP KDG DQ
DYHUDJHGLDPHWHURIȝPZKHUHDVWKHHORQJDWHGJUDLQV
RI WKHEDVHPDWHULDOKDGDGLPHQVLRQRI!ȝP)LJ
DQG,QDGGLWLRQWKHJUDLQVZHOGVHDPZLWKDKLJK9
FRQWHQW !ZW H[KLELWHG D YHU\ ILQH GHQGULWLF
VWUXFWXUHDVLWFDQEHVHHQLQ)LJ$KLJKHU9FRQWHQW
ZDVDFFRPSDQLHGE\DEULJKWHUDSSHDUDQFHRIWKHJUDLQ
7KHDOOR\ZKLFKZDVZHOGHGLQWKH7WHPSHU
FRQGLWLRQDOZD\VVKRZHGDSDUWLDOO\PHOWHG]RQHFORVH
WRWKHIXVLRQOLQHIROORZHGE\DQRYHUDJHG]RQH)LJ
7KH SDUWLDOO\ PHOWHG ]RQH VKRZHG OLTXLGDWLRQ RI WKH
JUDLQ ERXQGDULHVZKHUHDV LQ WKH RYHUDJHG ]RQH FRDUVH
SDUWLFOHVZHUHIRXQGZLWKLQWKHJUDLQV7KHVHERWK]RQHV
ZLWKDZLGWKRIDERXWȝPHDFKDUHVXSSRVHGWREHWKH
ZHDN ]RQH RI WKH MRLQW 0RUHRYHU WKH FRPSOHWH +$=
ZLWK D ZLGWK RI DSSUR[ PP LV FKDUDFWHUL]HG E\ WKH
FRDUVHQLQJRUGLVVROXWLRQRISUHFLSLWDWHV
,Q FRQWUDVW WR WKDW WKHDOOR\ LQ WKH DQQHDOHG2
WHPSHUFRQGLWLRQGLGQRWVKRZDKHDWDIIHFWHG]RQHDVLW
ZDVH[SHFWHGIRUWKLVWHPSHUFRQGLWLRQ


)LJ6(0PLFURJUDSKRIDQDUHDFORVHWRWKHIXVLRQOLQHRIWKH
VKHHW
3.3. Mechanical properties and formability 
7KHUHVXOWVRIWKHPLFURKDUGQHVV WHVWVRI WKHVLPLODU
DQG GLVVLPLODU ODVHUZHOGHG MRLQWV DUH VKRZQ LQ )LJ 
%\ WKH XVH RI YDQDGLXP IRLO DV ILOOHUPDWHULDO IRU ODVHU
ZHOGLQJLWZDVSRVVLEOHWRLQIOXHQFHWKHORFDOPHFKDQLFDO
SURSHUWLHVRIWKHMRLQWV
(VSHFLDOO\ LQ FDVH RI WKH VLPLODU  MRLQW DQ
LQFUHDVH RI PLFURKDUGQHVV RI XS WR +9 ZDV
REVHUYHG7KLVFDQEHH[SODLQHGRQWKHRQHKDQGE\WKH
KLJK KDUGQHVV RI SXUH YDQDGLXP ZLWK DSSUR[ +9
DQG RQ WKH RWKHU KDQG E\ WKH SUHVHQFH RI ODUJH9ULFK
SDUWLFOHV LQ WKH ZHOG VHDP ,Q FDVH RI WKH GLVVLPLODU
 MRLQW D FRQVLGHUDEOH LQFUHDVH RI PLFUR
KDUGQHVV ZDV QRW REVHUYHG 7KLV LV PDLQO\ GXH WR WKH
FRQVLGHUDEOH ORZHU KDUGQHVV OHYHO RI WKH 2 EDVH
PDWHULDO ZLWK DSSUR[ +9 ,Q FRQWUDVW WKH 7
EDVHPDWHULDOKDVDPLFURKDUGQHVVRIDSSUR[+9
7KH 7 DOOR\ VKRZHG FRQVLGHUDEOH GHFUHDVH RI
PLFURKDUGQHVV RI XS WR +9 LQ WKH +$= )LJ D
ZKHUHDV WKH 2 DOOR\ GLG QRW VKRZ DQ\ KDUGQHVV
GHJUDGDWLRQ)LJE7KHZLGWKRIWKH+$=ZDVPDLQO\
LQIOXHQFHG E\ WKH XVHG ZHOGLQJ SDUDPHWHUV DQG WKH
UHVXOWLQJKHDWLQSXW
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D 
E 
)LJ 5HVXOWV RI WKHPHDVXUHPHQW RI WKHPLFURKDUGQHVV IRU D WKH
VLPLODUMRLQWDQGEWKHGLVVLPLODUMRLQW
7KH ORDGGLVSODFHPHQW FXUYHV RI WKH 7:%¶V ZHUH
FRPSDUHGWR WKRVHRI WKHSDUHQWPRQROLWKLFEODQNV)LJ
 DQG )LJ  VKRZ D W\SLFDO FRPSDULVRQ RI WKH ORDG
SURJUHVVLRQRI WKH/%:7:%¶V
ZLWK WKDW RI WKH SDUHQW PDWHULDOV 7 2 DW
URRP WHPSHUDWXUH )LJ  DQG & )LJ  $V
H[SHFWHGLWZDVIRXQGWKDWSXQFKGLVSODFHPHQWWKDWZDV
UHDFKHG WR GHIRUP WKH PHGLXP VWUHQJWK 2
DOXPLQLXPXS WR IUDFWXUHZDV KLJKHU WKDQ WKDW UHTXLUHG
IRUWKHKLJKVWUHQJWK7DOXPLQLXPEHFDXVHRILWV
VLJQLILFDQWO\EHWWHUIRUPDELOLW\DWURRPWHPSHUDWXUH7KH
SHDN ORDG DQG WKH PD[LPXP SXQFK GLVSODFHPHQW WKDW
ZHUH UHTXLUHG WR GHIRUP WKH VLPLODU DQG GLVVLPLODU
7:%¶V KRZHYHU ZHUH YHU\ OHVV DV FRPSDUHG WR ERWK
SDUHQW VKHHWV 7KLV ZDV GXH WR HDUO\ VWUDLQ ORFDOL]DWLRQ
DQGIUDFWXUHLQWKHZHOGLQJ]RQH$UHDVRQIRUWKLVHDUO\
IDLOXUH FRXOG EH WKH KDUG 9ULFK SDUWLFOHV LQ WKH ZHOG
ZKLFK FDXVHG LQKRPRJHQHRXV ORFDO PHFKDQLFDO
SURSHUWLHV
$Q LPSURYHPHQW LQ WKH IRUPDELOLW\ RI WKH SDUHQW
PDWHULDOV ZDV DFKLHYHG E\ LQFUHDVLQJ WKH IRUPLQJ
WHPSHUDWXUH$PRQJ WKH ODVHUZHOGHGEODQNV WKHSXQFK
GLVSODFHPHQW ZDV KLJKHVW ZKHQ  ZDV ZHOGHG WR
DQGIRUPHGDW&$WHOHYDWHGWHPSHUDWXUHVWKH
IRUPDELOLW\ RI DOXPLQLXP LQFUHDVHV GXH WR UHFRYHU\
FKDUDFWHULVHG E\ D UHGXFWLRQ LQ GLVORFDWLRQ GHQVLW\ DQG
SRO\JRQLVDWLRQ7KHOLPLWGRPHKHLJKWRIWKHVSHFLPHQV
ZDV GHWHUPLQHG IURP WKH ORDGGLVSODFHPHQW GLDJUDPV
DQG LV VXPPDUL]HG LQ 7DE  6RPH W\SLFDO VWUHWFK
IRUPHGKHPLVSKHULFDOGRPHVSHFLPHQVDUHDOVRVKRZQLQ
)LJ
D 
E 
)LJ&RPSDULVRQRIORDGGLVSODFHPHQWFXUYHVGXULQJVWUHWFKIRUPLQJ
RIEDVHPDWHULDOVDQG7:%¶VDW57
D 
E 
)LJ  &RPSDULVRQ RI ORDGGLVSODFHPHQW FXUYHV GXULQJ VWUHWFK
IRUPLQJRIEDVHPDWHULDOVDQG7:%¶VDW&

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7DEOH0HDVXUHG/'+PPLQWKHKHPLVSKHULFDOGRPHVWUHWFKWHVW
0DWHULDO 57 &
%0 2  
%0 7  
7:%   
7:%   


)LJ3KRWRJUDSKVRIWKHUHVXOWLQJGHIRUPHGGRPHVDPSOHVDW&
7KH PHDVXUHG PDMRU WUXH VWUDLQ ZDV SORWWHG ZLWK D
GLVWDQFH RI DERXW PP IURP WKH SROH RI WKH
KHPLVSKHULFDOFXSWRREWDLQWKHVWUDLQGLVWULEXWLRQLQWKH
GHIRUPHG VDPSOHV )LJ  VKRZV WKH PDMRU VWUDLQ
GLVWULEXWLRQSURILOHRI WKH7:%¶VDQG
DWURRPWHPSHUDWXUHDQGDW&7KHUHZDVRQO\
RQH FOHDU SHDN LQ WKH FHQWHU RI WKH ZHOG ZKLFK
FRUUHVSRQGV WR WKH IDLOXUH ORFDWLRQ 7KH DPRXQW RI WKH
PD[LPXP PDMRU VWUDLQ RI WKH ZHOGV LV YHU\ OHVV LQ
FRPSDULVRQZLWK WKH DPRXQW RIPD[LPXPPDMRU VWUDLQ
RI WKHEDVHPDWHULDOVIRU2DQGIRU
7 DW URRP WHPSHUDWXUH 7KH LQFUHDVH RI WKH
GHIRUPDWLRQWHPSHUDWXUHKDVVOLJKWO\LQFUHDVHGWKHPDMRU
VWUDLQ+RZHYHUWKLVLQFUHDVHLVLQVLJQLILFDQW

D 
E 
)LJ0DMRUVWUDLQGLVWULEXWLRQDFURVV WKHZHOGV DDQG
EMXVWEHIRUHIUDFWXUHDW57DQGDW&
6XPPDU\
7KHODVHUEHDPZHOGLQJRIKDUGWRZHOG$O=QDOOR\V
VXFFHHGHG LQ PDWWHUV RI UHGXFWLRQ RI H[FHVV RI
SHQHWUDWLRQ DQG RI SRURVLW\ ,Q DGGLWLRQ WKH ORFDO
PHFKDQLFDO SURSHUWLHV OLNH PLFURKDUGQHVV ZHUH
LPSURYHGE\WKHQRYHOWHFKQLTXHXVHGIRUODVHUZHOGLQJ
WKH7:%¶V
7KH IRUPDELOLW\ RI /%:7:%V PDGH XS RI KLJK
VWUHQJWK 7 DOXPLQLXP DQG GXFWLOH PHGLXP
VWUHQJWK2ZDVVLJQLILFDQWOHVVWKDQWKHIRUPDELOLW\
RI HDFK RI WKH SDUHQWPHWDOV DW ERWK URRP WHPSHUDWXUH
DQG&
)XUWKHU UHVHDUFKZRUN LV QHFHVVDU\ WR RSWLPL]H ODVHU
ZHOGV RI 7:%¶V FRQWDLQLQJ KLJKVWUHQJWK $O=Q0J
&XDOOR\VLQRUGHUWRLPSURYHWKHLUIRUPDELOLW\
2QH DSSURDFK WR LPSURYH WKH IRUPDELOLW\ RI WKH
7:%¶VFRXOGEHWKHGHYHORSPHQWRIDQDSSOLFDEOH$O9
ZLUHDWZKLFK WKHYDQDGLXPLVDOUHDG\GLVVROYHG LQ WKH
DOXPLQLXP 7KURXJK WKLV WKH IRUPDWLRQ RI 9ULFK
SDUWLFOHVFRXOGEHDYRLGHG
$QRWKHUDSSURDFKFRXOGEHDSRVWZHOGKHDWWUHDWPHQW
RI WKH MRLQWV LQ RUGHU WR UHPRYH WKH PHFKDQLFDO
GHJUDGDWLRQLQWKH+$=RIWKH7DOXPLQLXPDOOR\
DVLWLVDOUHDG\VKRZQLQVHYHUDOSXEOLFDWLRQV>@
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